Background and purpose: Computed tomography perfusion (CTP) and multiphase CT angiography (mCTA) help selection for endovascular treatment (EVT) in anterior ischemic stroke (AIS). Our aim was to investigate the ability of perfusion maps and collateral score to predict functional outcome after EVT. Patients and methods: Patients with M1-middle cerebral artery occlusion, evaluated by mCTA and CTP and treated with EVT within six hours of onset, were enrolled. Perfusion parametric maps of cerebral blood flow (CBF), cerebral blood volume (CBV) and time to maximum of tissue residue function (T max ) were generated; areas of altered perfusion were manually outlined to obtain volumes CBF v , CBV v , T 16À25s max,v and T 9:5À25s max,v . Diffusion-weighted imaging (DWI) at 24-36 hours was used to manually outline the ischemic core (volume: DWI v ). Collateral vessels were assessed on mCTA considering extent and delay of maximal enhancement (six-point scale). Functional outcome was evaluated by modified Rankin Scale score at three months. Volumes in good and poor outcome groups were compared by Wilcoxon rank-sum test t, and their discriminative ability for outcome was determined by receiver operating characteristic analysis. A logistic regression model, including T max , CBF and collaterals, was used to differentiate good and poor outcome. Results: Seventy-one patients (mean age 75 AE 11 years, range 45-99 years) were included. T 16À25s max,v , T 9:5À25s max,v , CBV v , CBF v and DWI v were statistically different between the two groups. CBF had the best discriminative value for good and poor outcome (area under the curve (AUC) 0.73; 64.5% sensitivity; 74.4% specificity); the logistic regression model might be promising (AUC 0.79, 64.5% sensitivity, 82.1% specificity). Conclusions: In patients with AIS, the combined use of CTP and mCTA predicts functional outcome of EVT and might allow better selection.
Introduction
The adequate selection of patients with acute ischemic stroke for reperfusion therapies is essential for achieving better functional outcome. [1] [2] [3] [4] In patients with anterior circulation stroke, within six hours of symptom onset, current guidelines include an Alberta Stroke Early Computed Tomography (ASPECT) score equal to or higher than 6 as a selection criterion for endovascular treatment (EVT). 5 The use of CT perfusion (CTP) is suggested in patients with acute anterior ischemic stroke up to 24 hours after symptom onset to evaluate the clinical-radiological mismatch and ischemic core. 6, 7 Despite successful recanalization, however, not all eligible patients benefit from endovascular thrombectomy, with high rates of infarct growth and poor outcomes reported in the literature. 8, 9 Parameters other than ASPECT score therefore should be identified for a more appropriate selection of patients within six hours of onset.
Advanced CT imaging is an established and reliable tool in the acute ischemic stroke diagnostic workflow. 10 In clinical suspicion of acute ischemic stroke multiphase computed tomographic angiography (mCTA) and CTP can be performed at the same time and without delays, providing a large amount of information about arterial occlusion and regional brain hemodynamics.
mCTA allows the assessment of leptomeningeal collateral vessels, which are essential in maintaining cerebral blood flow (CBF) beyond the ischemic penumbra. Good collateral circulation is related to higher recanalization rate and better clinical outcome. 11, 12 CTP is able to identify the ischemic core much better than CT-ASPECTS, even among nonexpert readers, thus being a more suitable and objective tool for selection of treatable patients. 13, 14 Several perfusion parameters provide complementary information on brain hemodynamics: Cerebral blood volume (CBV) is a measure of the total volume of blood within an imaging voxel, which is markedly decreased in the ischemic core; CBF represents the total volume of blood moving through a voxel in a given unit of time and is decreased both in the ischemic core and salvageable penumbra, with a less marked reduction in the latter, and reflects the amount of oxygen and nutrients reaching an area; mean transit time (MTT) and time to peak of the deconvolved tissue residue function (T max ) are measures of time, both increased in an ischemic region: The former expresses the average transit time of the contrast medium within a given volume of brain, the latter reflects the delay of the contrast medium arrival and its transit time in a given volume of brain. [15] [16] [17] Collaterals support cerebral reperfusion independently from arterial recanalization and delay infarct progression; instead brain perfusion is directly affected by the anterograde tissue reperfusion after EVT. Both collateral circulation, evaluated with mCTA, and CTP parameters are able to predict the follow-up infarction; 18 however, if good collateral circulation is associated with better clinical and functional outcome independently of treatment, 12 perfusion parameters should be investigated to find out their role in clinical outcome prediction after treatment.
The purpose of this study was to determine the accuracy of advanced CT imaging, namely perfusion parameters and collateral score, in predicting the functional outcome after EVT in patients with acute ischemic stroke due to middle cerebral artery (MCA) occlusion.
Patients and methods Patients
Clinical and radiological data from consecutive patients, referred to the Stroke Unit of Tor Vergata University Hospital from April 2016 to July 2017, with anterior circulation acute ischemic stroke due to large-vessel occlusion, were prospectively collected.
Inclusion criteria were (1) age ! 18 years old, (2) symptom onset < 6 hours, (3) proximal segment (M1) of MCA occlusion or tandem occlusion and (4) acquisition of mCTA and CTP images before EVT. The exclusion criteria were (1) posterior circulation stroke, (2) isolated internal carotid artery (ICA) occlusion, (3) wake-up presenting stroke, (4) incomplete coverage of the MCA vascular territory at CTP, (5) distal MCA territory and (6) poor image quality. Eligible patients received intravenous thrombolysis before EVT or underwent directly EVT in accordance with current guidelines. 5 Successful reperfusion was defined as a modified Thrombolysis In Cerebral Infarction (mTICI) score of 2b-3. 19 The study was approved by the local ethics committee and was performed in accordance with the ethical standards published in the Declaration of Helsinki of 1964 and its later amendments. Informed consent was obtained from each patient or next of kin if the patient was mentally incompetent to consent.
Imaging protocol
The imaging protocol included noncontrast axial CT, mCTA and CTP, performed using a 64-slice CT scanner (Lightspeed; General Electric Healthcare, Waukesha, WI, USA). Noncontrast CT scan was performed with the following parameters: scan type: axial; gantry tilt: orbito-meatal plane; slice thickness: 2.5 mm/ 5 mm base/cerebrum; interval: 20 mm; kV: 120; mA: 120-300; rotation time: 1 second; matrix: 512 Â 512.
Multiphasic CTA. mCTA was acquired after intravenous administration of 50 ml of iodinated contrast media (370 mgI/ml) injected at a rate of 4.5 ml/second, followed by a 40 ml of saline bolus at 5 ml/second. Image acquisition was triggered by bolus monitoring and the acquisition started automatically when the monitoring reached 100 Hounsfield units in the aortic arch. mCTA included three phases: The first phase was acquired from the aortic arch to the vertex (scan type: helical full; section thickness: 0.625 mm, kV: 100; mA: 150-600; rotation time: 0.5 seconds; acquisition time: seven seconds); the second and third phases were acquired with the same parameters as the first phase, from the skull base to the vertex (with a delay of 4.5 seconds for table repositioning to the skull base, acquisition time: 3.4 seconds).
Perfusion CT. For the CTP protocol, 50 ml of iodinated contrast agent (370 mgI/ml) were power-injected at a rate of at least 4.5 ml/second followed by a saline flush of 50 ml at 5 ml/second. The large detector array (8 cm) allowed evaluation of all the MCA territory. The protocol included two phases (scan type: axial-shuttle; slice thickness: 5 mm; kV: 80; mA: 200; rotation time: 0.5 seconds): The first phase started with a five-second delay from contrast injection, and 22 acquisitions were repeated on the same 8 cm section (total scan duration: 60.6 seconds); the second phase was delayed 15 seconds and consisted of one acquisition on the same section (total scan duration: 15 seconds).
Magnetic Resonance Imaging (MRI). After EVT, MRI within 24-36 hours of symptom onset was performed in a subgroup of patients with a 1.5 T scanner system (Intera, Philips Medical System, Best, The Netherlands) using an eight-channel head coil; the MRI protocol included an axial T2-weighted fluid-attenuated inversion recovery (FLAIR) sequence (repetition time (TR) 6000 ms, echo time (TE) 120 ms, at 5 mm) and diffusion-weighted imaging (DWI) (TR 3023 ms, TE 89 ms, at 5 mm) acquired using a single-shot echo-planar sequence with fat suppression in the axial plane with three b values (0, 500 and 1000 s/mm 2 ).
Image analysis CTP processing. Images were processed using a commercially available delay-insensitive deconvolution software (GE Healthcare CT Perfusion 4D, Milwaukee, WI, USA). The arterial input function was manually selected from the basilar artery or contralateral internal carotid artery using a two voxel Â two voxel (in-slice) region of interest (ROI). Absolute maps of CBF (mlÁmin À1 Á100 g À1 ), CBV (mlÁ100 g À1 ), MTT (seconds) and T max (seconds) were obtained by deconvolution of tissue time-density curves and the arterial input function using a delay-insensitive algorithm. The T max maps were postprocessed using two different thresholds: the first, between 16 seconds and 25 seconds, was used to obtain the map for ischemic core delineation (T 16À25s max ) while the second, between 9.5 seconds and 25 seconds, to obtain the map for the identification of the hypoperfused area (T 9:5À25s max ) in accordance with d'Esterre et al. 15 In-plane patient motion was corrected in the x/y-axis using the automated software. For each patient a 10-year experienced neuroradiologist (F.D.G.), blinded to clinical outcome, manually outlined the areas with altered perfusion on different perfusion maps to obtain volumes, considering the areas with reduced CBF, reduced CBV, increased T Collateral score identification. One radiologist (L.G.), with five years of experience, blinded to clinical outcome and other radiological parameters, evaluated collaterals on mCTA. The extent and delay of maximal pial arterial filling in the ischemic territory was compared with those in the unaffected hemisphere and scored with a sixpoint scale (0-5). 20 DWI volume (DWI v ) identification. One radiologist (V.F.), with five years of experience, blinded to clinical outcome and other radiological parameters, evaluated the MR images and manually outlined the ischemic core on DWI images with b ¼ 1000 s/mm 2 using a dedicated computing platform (3D Slicer Software): 21 volume in DWI map, DWI v .
Functional outcome. Ninety-day functional outcome was assessed by one stroke neurologist (F.S.), blinded to imaging and treatment information, using the modified Rankin Scale (mRS), a seven-point scale ranging from 0 (no symptoms) to 6 (death). Good functional outcome was defined as an mRS 2. 22 
Statistical analysis
For statistical analysis patients were dichotomized into good and poor outcome groups. Fisher exact test was used to test differences in baseline demographic and clinical characteristics and risk factors between the two groups. Medians and 95% confidence intervals (95% CIs) of all volume variables (T 16À25s max,v , T 9:5À25s
and CBF v À T 16À25 s max,v ) were calculated in the two groups. For comparison of all volume variables of good outcome and poor outcome, the Wilcoxon rank-sum test for independent groups was performed. Receiver operating characteristic (ROC) analysis was employed to determine the optimum thresholds of volume for the discrimination between good outcome and poor outcome, based on the Youden's index (which maximizes both sensitivity and specificity). Area under the ROC curve (AUC), sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) were also calculated. Logistic regression analysis was used to derive the model from clinical data (i.e. outcome) as a function of volume variables and number of collaterals. A p value < 0.05 was considered statistically significant. Spearman correlation was used to investigate the cross-correlation between volume variables in the entire population. Bonferroni correction was applied to exclude false-positive results under multiple comparisons. Box-and-whisker plots were used to show the differences in volumes at variations of collateral score in the entire patient sample. Matlab version 9.3.0, release 2017b (MathWorks, Natick, MA, USA) was used for the data analysis.
Results
A total of 219 patients (mean age: 70.9 AE 13.2; range: 34-99 years; 38.8% male) were initially selected for this study. Of these, 148 patients were excluded because of posterior circulation stroke (30 patients), isolated ICA occlusion (28 patients), distal MCA territory (45 patients), wake-up and late-presenting stroke (20 patients), poor image quality (15 patients) and incomplete coverage of the MCA vascular territory (10 patients). Therefore, a total of 71 patients were eligible for our study. The patients were 45 females and 26 males, with a mean age of 75 AE 11 years, range 45-99 years. Median National Institutes of Health Stroke Scale (NIHSS) score was 18; mean onset-to-CT time was 131 minutes. The clinical outcome 90 days after EVT was good in 31 patients and poor in 40 patients. Baseline demographic and clinical characteristics, risk factors and procedural times are reported in Table 1 ; differences between the two groups were not statistically significant (p > 0.05). Figure 1 shows the perfusion maps evaluated to outline the areas with altered perfusion and obtain volumes. A summary of the volume variables in the patients with good outcome and the patients with poor outcome is presented in Table 2 .
Differences Figure 2 shows a pial arterial filling assessment in the ischemic territory by the evaluation of the three phases of mCTA. Box-and-whisker plots of the volumes of T 16À25 s max,v , CBV v , CBF v and DWI v from the specified number of collaterals are illustrated in Figure 3 ; it shows the inverse correlation between volume variables and number of collaterals.
Discussion
In this analysis we have shown that, among the perfusion-derived parameters, the volume of the area with altered perfusion on the CBF map has the best discriminative power for the prediction of clinical outcome after successful recanalization. In particular a volume (CBF v ) less than 65.17 ml predicts good functional outcome, according to previous evidence that core volumes >70-100 ml are more likely associated with poor clinical outcome despite successful reperfusion. 23 We have also found that a model that includes multiple parameters derived from advanced CT imaging differentiates patients with good outcome from patients with poor outcome with more accuracy.
Current guidelines establish the eligibility criteria for endovascular thrombectomy; however, not all treated patients benefit from intraarterial recanalization. In our experience the outcome three months after the ischemic event was poor in 56.3% of patients treated with successful recanalization; this result is in line with previous studies and brings up the need for different selection criteria. 8, 9 CTP is a valuable tool to obtain information on brain hemodynamics in stroke, and patient selection based on CTP has effectively led to better clinical outcome in the most recent clinical trials. 3, 24 Moreover, in brain perfusion evaluation, CTP showed a good correlation with H 2 15O-positron emission tomography, 25 the current standard of reference for in vivo assessment of CBF and brain metabolism, 26, 27 supporting the reliability of this technique. 16-25 seconds) ), a smaller outlined area with increased T max is evident, corresponding to the area with reduced CBF. Treatment consisted of intravenous recombinant tissue plasminogen and intraarterial thrombectomy. Successful reperfusion was achieved (2b Section, modified Thrombolysis In Cerebral Infarction) and the outcome three months after the ischemic stroke was good (modified Rankin Scale score at three months: 1).
Many studies investigated different perfusion parameters to identify a surrogate of the ischemic core and evaluate the core-penumbra mismatch, which are commonly reported outcome predictors on baseline imaging studies. [28] [29] [30] [31] Campbell et al. showed that CBF, obtained by CTP, was the optimal parameter to estimate the ischemic core, compared with DWI, 32 and further studies used the CBF to define the ischemic core, even if no agreement was reached on threshold values. 33, 34 Considering that the core volume is related to the patient's functional outcome, CBF could be the best parameter for patient selection, and our analysis has effectively demonstrated the ability of CBF to discriminate groups with different outcome, supporting its use with this aim.
However, the use of multiple parameters to assess the ischemic core has been suggested in different studies to increase accuracy and reduce variability when using CTP. 35 Considering perfusion parameters others than , v) has a higher sensitivity than CBF v in functional outcome prediction but the specificity was very low. The use of T max has been supported by D'Esterre et al., who identified a threshold of 16 seconds as more accurate than CBF reduction for the identification of the ischemic core. 15 In addition to these parameters, which can be directly affected by arterial recanalization, the extent of collateral circulation is strongly associated with clinical and functional outcome and is an independent predictor of neurologic status improvement. 11, 12, 36 In our population we have observed that the leptomeningeal collateral circulation score is inversely correlated to the Figure 1 . The first phase of mCTA, acquired during the peak arterial phase, demonstrates the right M1-middle cerebral artery occlusion (not shown). Comparing the pial arterial filling of the affected side (right) with the controlateral hemisphere, there is a delay of one phase in filling in of peripheral vessels, which are shown in the second acquisition phase (b) and the third acquisition phase (c), but prominence and extent is similar. The pial arterial filling was scored as 4 (intermediate). The outcome at three months after ischemic stroke was good (modified Rankin Scale score at three months: 1).
ischemic core volume obtained from T max and CBF maps, confirming the similar relationship of collateral flow and perfusion parameters with the final damage volume. 18 Considering that the leptomeningeal collateral circulation has a primary role in patient functional outcome, CBF has the best discriminative power for differentiating good from poor outcome and, at the same time, T 16À25 s max has a very high sensitivity, we created a model that considers these variables (T 16À25 s max , CBF and collateral score) in function of outcome; the model showed higher accuracy and better identified patients who are more likely to benefit from EVT.
To our knowledge, this is the first study that has analyzed the value of different perfusion parameters in the prediction of functional outcome, considering that the previous published analyses have investigated their value in the identification of ischemic core volume.
Our study has some limitations. The number of patients is low because the selection was made to obtain a less heterogeneous group; only patients with M1 occlusion were included, so no conclusion about the utility of the model in other vascular territories may be obtained. The evaluation of collateral status was made by a single-observer and no interrater reliability assessment was possible; however, the use of multiphase rather than single-phase CTA allows better accuracy and reproducibility. Moreover, the model has been developed in a cohort of patients treated with EVT within six hours of symptom onset in accordance with guidelines at the time of the study enrollment; considering the extended time frame for EVT, this model would require external validation in a cohort of patients treated within and beyond six hours.
Conclusions
Among perfusion parameters, the CBF map is the best predictor of functional outcome, being able to discriminate good outcome for core volumes less than 65.17 cc. However, a model including CBF maps along with T 16À25 s max maps and collateral score might be the most promising tool for the identification of patients who can receive more advantages from intraarterial revascularization therapies and may overcome the limits of a single-technique evaluation.
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